The effects of fixation on the cell volume of marine heterotrophic nanoflagellates and planktonic ciliates were investigated. Decreases in cell volume depended on the combination of the protozoan taxa and the particular fixative. For a particular fixative and protozoan species, degree of shrinkage was independent of physiological state. The volume of fixed cells was found to be approximately 20 to 55% lower than the cell volume of live organisms. For the heterotrophic microflagellates, the fixatives ranked, in order of decreasing effect on cell volume, as glutarialdehyde, formaldehyde, acid Lugol's solution, and modified van der Veer solution. With oligotrichous ciliates and a tintinnid ciliate, formaldehyde caused less shrinkage than glutaraldehyde or acid Lugol's solution. With the aldehyde fixatives, the microflagellates were found to shrink more than the ciliates. Differential effects of fixation on cell volumes may result in an underestimation of the biomass of certain protozoan taxa in natural samples.
in size with phytoplankton and some micrometazoans, they cannot be'separated from these groups by size fractionation. Estimates of the biomass of heterotrophic protozoa are usually based on cell counts and microscopic measurements of cell size. Carbon is widely used as a currency of biomass to compare different groups of organisms or to calculate the efficiency of energy transfer between trophic levels, although biovolume (4) and wet weight (39) are sometimes also reported. Cell volume to cell carbon conversion factors for protozoa have been reported for a few species of flagellates (7, 13, 23) and ciliates (15, 41) , but conversion factors derived for phytoplankton have also been used to estimate the biomass of heterotrophic protozoa (11, 28, 42) .
Fixation can cause cells to shrink (6, 16, 17) or increase in volume (22) and, thus, may affect cell volumes. Some fixaitives also affect retention of ingested food particles (37) , and this, in turn, affects cell volume estimates for protozoa. Volume estimates of heterotrophic protozoa, from which biomass was calculated, have been based on live (38), Lugol's solution-fixed (23) , and glutaraldehyde-fixed (Caron, Ph.D. thesis) and formaldehyde-fixed (1-3, 5, 21, 33, 34) (Fig. 3) (tested by one-way ANOVA; P < 0.01). As for the heterotrophic ciliates, the percentage of shrinkage was independent of cell size (tested by one-way ANOVAs; P > 0.05). However, there were significant differences among the effects of different fixatives on the percent shrinkage of each ciliate species (Fig. 3) (tested by one-way ANOVA; P < 0.01). Formaldehyde had the least effect on cell volume (Table 1 age, van der Veer fixative < Lugol's solution < formaldehyde < glutaraldehyde; for the oligotrichous ciliates, formaldehyde < Lugol's solution < glutaraldehyde; and for the tintinnid, formaldehyde < glutaraldehyde < Lugol's solution (Table 1) . Under the same fixation procedures, the flagellate volumes decreased in volume more than ciliates and among the ciliates the oligotrichous ciliate decreased in volume more than the tintinnid.
Sieracki et al. (37) reported that particle retention by a phagotrophic chrysomonad flagellate was affected by the method of fixation. Van der Veer's solution (2% acrolein, 2% glutaraldehyde, 1% tannic acid) resulted in better particle retention by the flagellate than glutaraldehyde and formalde- hyde. Shrinkage of flagellates by fixatives showed the same trends as particle retention. Modified van der Veer's solution (2% glutaraldehyde, 2% tannic acid) caused the least shrinkage. We hypothesize that particle egestion may be a major cause of shrinkage in phagotrophic flagellates as a result of fixation. Autotrophic flagellates, which do not generally ingest particles, show less shrinkage than phagotrophic flagellates upon fixation. For example, Chlorophyte, Prymnesiophyte, and Prasinophyte flagellates are reported to shrink to 69, 60, and 85%, respectively, after fixation with 2.5% glutaraldehyde (6) , whereas in this study heterotrophic forms fixed with 2 or 3% glutaraldehyde shrank to 37 to 42% of their live volume.
It has been reported that naked ciliate species in closely related taxa can display quite different cell volume changes upon fixation; for example, Lohmanniella spiralis shrinks and Strombidium reticiilat,um swells (22) . These differences may be due to difference in the concentration of fixatives, 
